is an important aquatic crop in China; however, transcriptomic and genomic data in public databases are limited. To identify genes and development molecular markers, high-throughput transcriptome sequencing was applied to generate transcript sequences from water chestnut leaf. More than 24 million reads were obtained, trimmed, and assembled into 40,796 contigs with an average length of 616.6 bp. Sequence similarity analyses against 4 public databases (NR, GO, KEGG, KOG) revealed 17,628 contigs that could be annotated with gene descriptions,
INTRODUCTION
Eleocharis dulcis (Burm. f.) Trin. ex Henschel has various names, including Eleocharis tuberosa (Roxb.) Roem. et Schult., which is recognized and cited by most scholars (Li et al., 2006) . E. dulcis (Cyperaceae) is commonly known as the Chinese water chestnut. It is a perennial herbaceous plant that grows in shallow waters and is mainly distributed in lowlying areas, such as pools and mudflats, in China, Southeast Asia, the Americas, Europe, and Oceania. The planting history of water chestnuts in China spans more than 2000 years, with the main production sites in the Yangtze River valley and southern China (Wang, 2005) . Water chestnuts are also cultured in North Korea, Japan, Vietnam, India, Australia, and the USA. The underground bulbs of water chestnuts are edible as vegetables or fruits; most of the water chestnuts produced in China are supplied to fresh markets. The bulbs of water chestnuts are rich in nutrients and possess medicinal properties. Every 100 g fresh bulb contains 21.8 g carbohydrate, 1.5 g protein, 0.1 g fat, and 0.6 g coarse fiber (Kong, 2004) . Water chestnuts are effective in clearing heat, dissipating phlegm, and removing food retention. Water chestnuts are also used to treat various symptoms, such as thirst, jaundice, abdominal mass, conjunctival congestion, throat swelling and pain, excrescence, bloody diarrhea, and massive metrorrhagia. A recent study found that some compounds in water chestnuts have anticancer, antibacterial, and antioxidant properties (Liu et al., 2010) .
Recent studies of water chestnuts have mainly focused on cultivation techniques, tissue culture, physiological and biochemical characteristics, and processing, rather than on genetics (Li et al., 2006) . Only reports regarding the phylogenetic relationships among germplasm resources using random amplification polymorphic DNA (RAPD) markers are available (Jiang et al., 2012) . Previous studies have reported that small genetic differences exist between the known varieties of water chestnuts. Only 19 nucleotide sequences in water chestnuts have been published in GenBank. The lack of genetic data limits the genetic breeding of water chestnuts as well as the research and utilization of its characteristic functional genes. Next-generation sequencing is a high-throughput technique that has a wide variety of applications. This technique allows for hundreds of thousands of DNA strands or even several millions to be sequenced at the same time. Thus, next-generation sequencing makes transcriptome sequencing or deep sequencing of the genome convenient and feasible (Varshney et al., 2009; Metzker, 2010) . In this study, high-throughput sequencing was conducted to analyze the transcriptome of water chestnut leaves. A considerable amount of expressed sequenced tag (EST) information on functional genes has been obtained. EST information provides basic data for the cloning of full-length genes and the study of their functions. Moreover, a large number of simple sequence repeat (SSR) markers based on EST database development can be used to study the genetic biodiversity of water chestnuts and for markerassisted selection.
MATERIAL AND METHODS

Plant materials
E. dulcis cv. "Tuanfeng", a famous local cultivar in Hubei Province, China, was selected as the plant material. Each tuber of E. dulcis cv. "Tuanfeng" was separately planted in a pot, which was placed inside a greenhouse at Wuhan University. Fresh leaves were collected from 5 individual plants and mixed together. These leaves were then frozen in liquid nitrogen and stored at -70°C until RNA extraction.
Total RNA extraction and mRNA purification
Total RNA extraction of the samples was conducted using TriZol reagent according to manufacturer instructions (Invitrogen, Carlsbad, CA, USA). The total RNA extracted was initially digested with DNase I (Ambion, Austin, TX, USA), and the mRNA was purified using the Micropoly(A)Purist TM mRNA Purification Kit (Ambion) according to manufacturer instructions. The obtained mRNA was eluted with 100 mL pre-heated elution buffer and quantified using a NanoDrop spectrometer.
cDNA synthesis
The mRNAs were first reversed into first-strand cDNA fragments using Superscript II reverse transcriptase (Invitrogen) and the GsuI-oligodT primer. The 5'-cap structure of mRNA was oxidized by NaIO 4 (Sigma, St. Louis, MO, USA) and connected with biotin. The mRNA/ cDNA connected with biotin was screened with magnetic beads (Dynal M280; Invitrogen), and first-strand cDNA was released by alkaline lysis. DNA ligase (TaKaRa, Shiga, Japan) was used to add an adaptor to the 5'-end of the first-strand cDNA. Second-strand cDNA was subsequently synthesized by Ex Taq polymerase (TaKaRa). Finally, the polyA and 5'-end adaptors were removed by GsuI digestion.
Construction of cDNA library, sequencing, and EST assembly
The synthesized cDNA was fragmented into 300-500 bp using a Sonic Dismembrator (Fisher, Waltham, MA, USA) and purified using Ampure beads (Agencourt, Brea, CA, USA). A TruSeq TM DNA XXmple Prep Kit-Set A (Illumina, San Diego, CA, USA) was used to prepare the library with the purified cDNA, and amplification was conducted using the TruSeq PE Cluster Kit (Illumina). The sequencing reaction was carried out on the Illumina sequencer. The clean reads were assembled using Trinity (http://trinityrnaseq.sourceforge.net/) to generate the EST cluster (contigs) (Grabherr et al., 2011) .
Gene prediction and annotation
The assembled contigs were predicted using "GetORF" of EMBOSS (Rice et al., 2000) to search for protein-coding sequences in different contigs. The predicted protein-coding sequences were aligned in the NR of GenBank, KEGG, KOG, and UniProt using BLASTp (E value <1e-5). The alignment with the highest matching value was considered to contain annotation information.
Functional classification
GO is an internationally standardized classification system of gene functions. GO provides a set of standard vocabulary with dynamic updating to describe the properties of genes and gene products of the organisms. GO analysis was carried out using GoPipe . The predicted proteins were first aligned in Swiss-Prot and TrEMBL using BLASTp (E value <1e-5). According to gene2go, the GO information of the predicted proteins was obtained from the alignment results using GoPipe.
Construction of metabolic pathway
KEGG is a database that systematically analyzes the metabolic pathways of gene products in cells and the functions of gene products. The predicted proteins were aligned in KEGG database using reciprocal BLAST (E value <1e-3). The KO number of the predicted protein was obtained. According to the KO number, information regarding the metabolic pathway related to the predicted protein was acquired.
Searching and analysis of SSR
SSR sites were searched in EST using MISA (http://pgrc.ipk-gatersleben.de/misa/), and the parameters were set as follows. The total length of repetitive sequences was equal to or larger than 12 bp. The least numbers of repeat of dinucleotide, trinucleotide, tetranucleotide, pentanucleotide, and hexanucleotide were 6, 5, 4, 4, and 4, respectively. SSR primer sequences were designed using Primer 3 (Rozen and Skaletsky, 2000) . A total of 100 pairs of primers were designed, and the primer sets were tested for successful polymerase chain reaction amplification in the initial screening test.
RESULTS
Sequencing and EST assembly
The transcriptome of water chestnuts was sequenced using Illumina Solexa sequencing technology, and 24,008,765 raw reads were obtained. After removing low-quality data, 23,552,387 clean reads (98.1%) were obtained, with an average length of 100 bp. The data from high-throughput sequencing were submitted to GenBank (Sequence Read Archive). After assembly, 40,796 sequence contigs were obtained, with a length of 201 to 14,363 bp (average: 616.6 bp) (Figure 1 ).
Functional annotation by searching against public database
A total of 17,628 contigs were annotated by searching and alignment using BLAST (Table 1 ). The largest number of annotations was found in KEGG (17,185 contigs, 42.1%), whereas the lowest number of annotations was found in KOG (6750 contigs, 1.7%). Additionally, 23,168 contigs (56.8%) were not annotated and may represent new genes. 
Functional classification by GO
The contigs of water chestnuts were mapped to 52,714 GO terms, among which 17,978 (34.1%), 17,274 (32.8%), and 17,462 (33.1%) were related to molecular function, biological processes, and cellular components, respectively (Figure 2 ). In the GO classification system, the 3 major categories, including molecular function, biological process, and cellular component, were divided into 56 smaller categories. The 3 major sub-categories shown in Figure 2 were "catalytic activity" (GO: 0003824), "binding" (GO: 0005488), and "hydrolase activity" (GO: 0016787), which were in the cluster of molecular function. The 3 sub-categories of "cell" (GO: 0005623), "intracellular" (GO: 0005622), and "cytoplasm" (GO: 0005737) were in the cluster of cellular component, and the 2 sub-categories of "cellular process" (GO: 0009987) and "macromolecule metabolism" (GO: 0052174) were in the cluster of biological process. The classification results revealed the global expression profiles of water chestnut leaves.
Metabolic pathway analysis
The EST library of water chestnut leaves was annotated by 304 metabolic pathways in KEGG. A total of 15 metabolic pathways related to the metabolism of carbohydrates and 289 contigs were identified. Starch and sucrose metabolism was the most important pathway, and 57 contigs were related to 27 enzymes involved in this pathway (Table 2 ). In addition to dietary value, water chestnuts also have important medical uses. The TCM Dictionary indicates that chestnuts contain puchiin, a type of antibacterial component, which can inhibit Staphylococcus aureus, Escherichia coli, and Enterobacter aerogenes (Li et al., 2003) . The main pharmacologically active components of puchiin are steroids. Through homology searching, we identified 14 contigs that may encode 13 key enzymes in the steroid synthetic pathway (Table 2 ). 
Development and characterization of SSR markers
In the transcripts of water chestnuts, 2570 SSR sites were distributed in 2379 contigs, accounting for 5.8% of contig sequences. SSR types were diverse, including the repeat of 2-6 nucleotides ( Table 3 ). The repetition of sequences also varied. Among the detected SSRs, 175 types of motifs were identified. The 5 types with the highest frequencies were GA/CT (734), AG/TC (677), TA/AT (152), TG/AC (84), and GT/AC (61).
Among the contigs containing SSR, 1606 were suitable for SSR primer design. A total of 4818 pairs of SSR primer sequences were obtained using Primer 5.0. Up to 100 pairs of randomly selected primers were synthesized and tested by polymerase chain reaction ( Table  4 ). The results indicated that 87 pairs were effectively amplified, whereas 13 pairs failed. The effective rate was 87%. Sixty-four pairs showed the expected target band size. The amplified bands of 11 pairs were slightly larger than the target band, whereas those of the 2 pairs were slightly smaller. The products of the 9 pairs exceeded 500 bp, and 1 pair produced multiple bands without a target band. These variations suggest the presence of an intron or deletion within the amplicons, a lack of specificity, or assembly errors. 
DISCUSSION
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